The glow-arc transition theory of the first leader stroke of a lightning flash is further con sidered, and shown to be in accord with all the observations available, whereas the recom bination theory is not considered to be. The greatly reduced potentials already indicated to be adequate to cause flashes, of the order of only 1 % of those required in a homogeneous field, and the corona currents from the leader stroke channel, are confirmed by a discussion of the records of the currents in, and electrostatic field changes caused by, the first leader, which further indicates that formulae derived from laboratory studies of corona currents from wires and from pointed conductors can be extrapolated to lightning voltages, i.e. over a range of about 1000 to 1.
It was pointed out by Larmor (1914) that when electrical breakdown of a gas has once been started in a non-uniform electric field, the resulting discharge will extend beyond the region throughout which the critical electric field strength required for breakdown was initially exceeded. This effect was discussed by Wilson (1920) and Simpson (1929) , the former of whom considered th at the potential difference required to cause a vertical lightning flash between a thundercloud and earth might be thereby reduced by a factor of not more than six below th at which would be required if the field had been homogeneous. Though the value obtained in this way for the potential of a thundercloud is th at usually quoted (see e.g. Schonland 1939; Loeb 1939a; Allibone 1941) , there are grounds for believing th at some workers in the subject doubted whether the average gradients between cloud and earth to which such a difference of potential would give rise do in fact exist. Some degree of precision was recently given to these latter ideas (Bruce & Golde 1941) .
The first indication that the pre-discharge fields are comparatively small was obtained when the charge distributed along the leader stroke channel was considered in relation to the latter's distributed capacitance. This charge distribution was derived from an interpretation of oscillographic records of the current in a lightning flash, in the light of observations of the velocity of the return stroke, the latter having been obtained by Schonland and his collaborators (1934 Schonland and his collaborators ( , 1935 Schonland and his collaborators ( , 1938 , from their photographs of lightning flashes taken with a Boys camera. The duration of the initial high-current portion of the lightning current wave is about 100 //sec., agreeing with the time required for the return stroke to reach the cloud charge, the charge distributed along the leader stroke channel having been neutralized during its passage. This latter charge is found by integration of the oscillograms to be about 1 coulomb, while the capacitance of such a vertical conductor just not in contact with the earth and 2-5 km. long, from a formula given by Goodlet (1937) , is about 1*28 x 104 jM/d?. Its potential is therefore 7*8 x 107 V, giving an average field between
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cloud and earth along the actual path taken by the lightning flash, of 312 V/cm while the shape of the current wave and the distribution of capacitance along the conductor together indicate th at the field is fairly uniformly distributed.
Again, the results obtained by Schonland and his collaborators indicate that there are on an average about three successive strokes in a flash, while the average time interval between these strokes is about yfo sec. Since the velocity of propagation of the leader stroke process is about 3 x 107 cm./sec., this indicates th at the thunder cloud charge is spread over an area of the order of 100 sq. km. This latter charge, the total charge brought to earth in a flash, is on an average about 30 coulombs, so that the average field is thus about 200 V/cm., and the potential of the thunder cloud charge about 4-5 x 107 V.
A similar conclusion as to the dispersion of the charge in the thundercloud is arrived at from a consideration of the duration of thunder. The data given by Wilson (1920) and Mathias (1924) show that in the case of near flashes this lasts for over 30 sec., and in some cases for over 40 sec., indicating that the diameter of the charged area is of the order of more than 10 km., in agreement with the above estimates.
The average pre-discharge field between cloud and earth is thus apparently only of the order of one or a few hundred volts per centimetre, or only about 1 % of that required to cause breakdown in a uniform field. This estimate is, however, of the same order as th at of the field changes and pre-discharge fields actually recorded at the earth (Wilson 1920; Wormell 1939; Simpson & Scrase 1937; Appleton & Chapman 1937) , and as that of the fields recorded during the ascent of test balloons through thunderclouds, when lightning flashes occurred nearby (Simpson & Scrase 1937> Simpson & Robinson 1941 . Through the courtesy of Sir George Simpson, the author Vas able to examine the records obtained in the last-mentioned investiga tions, to see if there was any evidence for a gradual increase of the electric field with increase of height above, the ground, but none was found.
It has generally been considered that the individual strokes of a flash represent the successive discharge to earth of separate volumes of charge in the cloud (Schonland 1938) . This complication of the simpler distribution suggested above, would, how ever, appear to be unnecessary, and is rendered improbable by the occasional occur rence of flashes comprising large numbers of separate strokes, as many as 27 (Schon land, Malan & Collens 1935) , and even 40 (Larsen 1905) and 42 (Matthias 1929) having been observed in one flash. A likelier explanation would appear to be that each stroke results from the meeting of a leader progressing from the initial discharge channel into the cloud, with one which has originated at a local elongation or pro tuberance from the main volume of charge, similar to that responsible for the •initiation of the first stroke to earth. The charge deposited along this second leader will then be rapidly distributed along the channel to earth, giving the phenomenon of the continuous dart leader of subsequent strokes (Schonland et al. 1935) , and thereafter neutralized during the ensuing return stroke. In the absence of such local field concentrations, the channel or channels from the point of origin of the flash will simply progress through the cloud neutralizing the charge therein by a gradual process (corona discharge), and it may be noted that the largest charge hitherto recorded oscillographically (McEachron 1939) was practically entirely conducted to earth in just such a relatively continuous manner.
So far as the field changes caused by successive strokes are concerned, the aboVe interpretation will give rise to the same phenomena as would be observed were the total charge in fact initially segregated into separate pockets. Until further evidence is obtained, therefore, it would appear to be sufficient to consider the comparatively simple distribution of charge suggested above, and in what follows a mechanism is suggested to account for the propagation of an electrical discharge through a gas in which the field strength, apart from a very localized concentration at the point of origin of the discharge, is of the order of th at suggested above, and in the process further precision is given to the values of the fields involved.
2. I m p o r t a n c e o f c o r o n a c u r r e n t s An important aspect of these very long electrical discharges has recently been pointed out (Bruce 1941) , namely, that heavy corona currents must flow laterally from the leader stroke channel during its growth towards the opposite electrode. Since, apart from the relatively small potential gradient required for the main tenance of arc conditions, the potential of the initiating electrode is being pro pagated into the intervening space, the potential difference between the streamer and the surrounding space must build up to many millions of volts, even with the much smaller field strengths now obtained. Such potentials are in fact observed when the streamer makes contact with an overhead transmission line (Pittman & Torok 1931) . It is shown herein ( § 6) th at in the case of the lightning discharge these lateral corona currents must build up to the order of hundreds or even thousands of amperes, during the progression of the leader stroke. That such currents do, in fact, flow has been confirmed by direct oscillographic records of the current in the upward leader strokes from the Empire State Building (McEachron 1939) , and also indirectly by records of the electrostatic field changes caused by the leader stroke of nearby flashes ( § § 4, 6).
It would appear that the existence of currents of this order rules out the possi bility of the ageing of the ionization in the leader stroke channel, envisaged by Schonland (1938) , and also the recombination theory of the stepped structure of the first leader stroke as it has been developed by Meek (1939) and Loeb (19396) .
It is also evident that the only type of electric discharge capable of carrying the large currents which are thus seen to flow steadily in the leader stroke is the arc discharge, and the realization of this fact has led to a new theory of the stepped leader stroke.
M e c h a n is m o f t h e s t e p p e d l e a d e r s t r o k e
The streamers which arise, for example, from the top of the Empire State Building, prior to the occurrence of a lightning flash, must start as brush or glow discharges carrying minute currents, so that at some stage in their development when an upward stroke occurs from the Building, the sudden transition to arc conditions must take place. Again, if the fresh start of the pilot streamer (Schonland 1938) after the occurrence of a dart is considered, the same sequence must ensue. The current required to maintain the lateral corona must increase as the pilot streamer lengthens, so th at an increasing current must flow through the tip .of the preceding dart, or initiating point, until a total current of the order of an ampere is reached, at which point the sudden transition from glow to arc conductivity is known to occur (Todd & Browne 1930; Attwood, Dow & Krausnick 1931; Fan 1939) . This condition is represented diagrammatically in figure 1, in which IT is this critical transition cur rent. The reason for the complete breakdown of the whole additional length of the The initiation of long electrical discharges streamer, A B , to arc conditions at this point in its history, is that a position of instability has been reached, since the currents flowing along the streamer from A to some point A', near B, are already large enough to maintain arc conditions, with a voltage gradient only about one-tenth of that required for the conduction of the same current in the glow regime, if only arc conditions could be initiated therein. This follows from the observation (Attwood et al. 1931 ) that, when once established, arc conductivity is maintained down to currents of the order of only one-tenth of those required to cause glow to arc transition, before transition back from arc to glow occurs. The disturbance and redistribution of space charge caused by the initiation of arc conditions at A, is sufficient to trigger the change-over to the new conditions of stability throughout the newly formed channel, though the change will not be permanent beyond A ' .It is this 'hysteresis' effect, so to speak, which accounts for the observed dart structure.
Up to the instant of transition the characteristics of the newly formed streamer will be at best those of the glow discharge, i.e. the voltage gradient required to maintain it will be of the order of several hundred volts per centimetre, whereas at the transition it will be suddenly reduced to the order of tens of volts per centi metre, and will have a pronouncedly negative volt-ampere characteristic, so that as the current through it rises with the increasing length of the channel, the gradient required to maintain the discharge current will be still further reduced. Another important feature of the new regime is that the streamer channel after the transition has the characteristics of an arc plasma, and is from most points of view simply an extension of the original conductor. It is this important characteristic, together with the greatly reduced potential gradient required for the maintenance of arc conductivity, which explains the 'self-propagating' nature of the discharge.
E l e c t r o s t a t ic f ie l d c h a n g e s c a u s e d b y t h e l e a d e r s t r o k e
There are several ways in which the new theories of the corona currents and the mechanism of the leader progression can be checked quantitatively against the observed results. Perhaps the most striking is the comparison of the calculated and observed electrostatic field changes caused by the leader stroke.
First, as regards the potential required to initiate such a discharge: The largest pre-discharge field which has hitherto been observed is about 100 V/cm. (Wormell 1939), i.e. well below the estimates given in § 1 above. The Empire State Building short-circuits, as it were, 1250 ft. of this field, so th at if fields of this order existed around the Building, then the potential difference between its top and the sur rounding space would be about 4,000,000 V. However, it will be shown in § 6 th at flashes are apparently initiated by the Building in fields which would not normally result in lightning flashes from the cloud, the pre-discharge field being in the case of these upward flashes apparently only about 50 V/cm. With such fields the potential difference between the top of the Building and the surrounding space is only about 2,000,000 V, so that this would appear to be the potential difference required to initiate a positive discharge in such a case, for so far only flashes in which the Building was the positive electrode have been observed. It will be shown in § 7 th at a similar value for this critical potential difference is indicated by extrapolation from laboratory data on the magnitude of currents from pointed conductors, since the latter suggest that currents of the order of th a t required for the occurrence of glow to arc transition will flow from the point at these potentials. Though extra polation over such a wide range of potential may appear at first sight uncertain, to say the least of it, nevertheless the agreement of theory and observation is rendered less surprising by what follows on the magnitudes of the lateral corona currents, which are likewise found to agree with the values obtained by extrapolation from laboratory data.
Once the streamer is started, its potential, Vh relative to the surrounding space builds up at the rate of X 1 V/cm. travelled, if the small voltage gradient required to maintain the arc, X aJkis neglected, where X 1 is the field between cloud and ground. At a point distant l from the start, it is therefore given by
where is the initial potential difference between the point at which the streamer originates, and the surrounding space.
The corona current per centimetre length of the discharge channel at this point will be
assuming that this current is proportional to the square of the conductor voltage (Whitehead 1927) , the potential which marks the onset of corona being in this case relatively negligible. The rate of change of electric moment at time t is therefore dpĩ dt
where v is the velocity of propagation of the leader stroke, and the total electric moment destroyed in time t is
The electrostatic field change at distance r from the flash due to this change of electric moment is given by (4) in which ju and es are in electrostatic units, so that 9 x 1013 ft *.
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cm., vi n cm./sec., V0 and X 1 in V and V/cm. respectively, and esin V/m. No allowance has been made in the above for branching of the leader stroke, or for the fact that the general field through which the leader is advancing decreases somewhat as charge is lowered from the cloud by the leader stroke. As regards the former, more than half the total number of flashes appear to be unbranched (Schonland & Collens 1934; Schonland et al. 1935) , and for these th The average number of branches in branched flashes is about 3 (Schonland et al. 1935) , but not all these are in process of formation at the same time. It is therefore unlikely that allowance for branching would materially alter the results deduced herein. The effect would be to reduce still further the values obtained for the electric field.
The allowance to be made for the change of electric field strength during the leader stroke will also be small. This field change has been measured by Appleton & Chapman (1937) and by Schonland, Hodges & Collens (1938) who found it to be 33 and 25 %, respectively, of the total field change due to the stroke. As there are on an average three strokes in a flash, the field change caused by the first leader stroke is thus only of the order of 10 or 20 % of the total change caused by the flash. Again, the increase of the estimated initial potential required to compensate for the decrease of the field during the progression of the leader stroke will be further reduced by the fact that the effects considered increase as the square of the potential difference between the channel and the surrounding space.
Thus allowance for these two factors would certainly not affect the order of the values deduced herein for the potential of the thundercloud charge, the effect of each being small and its direction opposite to th at of the other.
Oscillographic records of e8 for near strokes have been ob Chapman (1937) , so that the above is an equation for k when V0, and the height of the thundercloud charge are known. This last varies somewhat, but may be taken to be nearly 2-5 km. (Simpson & Scrase 1937) . The value of e8 at the end of the leader stroke, i.e. immediately prior to the sudden change due to the return stroke, was measured in the two oscillograms given by Appleton & Chapman (their figure 6, (i) and (ii)), and the values of k calculated in each case, corresponding to values of X 1 of the order of a few hundred volts per centimetre. The resulting curves are shown in figure 2, from which k will be seen to be of the order of 10~16 or 10~17. That these two records represent fairly normal conditions is seen from a com parison of the fields and durations involved with the average conditions found by these and other investigators. The flashes in question both occurred at about 10 km. distance, and the total field change caused by the stroke was about 1000 V/cm. in each case. The average value obtained by Appleton & Chapman at this distance was about 650 V/cm., while the average field change caused by a complete flash a t the same distance was found by Wormell (1939) to be about 1100 V/cm., thus indicating that if anything the field changes in the two oscillograms in question are on the high side, but probably do not exceed the average by a fact r of more than about 2.
Again, as to the durations of the field changes, these indicate for the velocity of the leader stroke values of about 2-3 x 107 and less than 7 x 107 cm./sec. respectively in the two cases, as compared with Schonland's mean value of about 3*8 x 107 cm./sec., and McEachron's mean value of about 2-5 x 107 cm./sec.
Several investigations of the corona currents from wires have been made and from them the value of k can be determined. Thus W atson's data on d.c. coro yield a value of k = 4*2 x 10-17, while Peek's data (1915) give values of k somew higher than this.
This agreement between the calculated and measured values of k would appear both to confirm the existence of these corona currents and the greatly reduced values of the thundercloud potential now obtained. When the variation of es with time was studied, there appeared to be a divergence between the calculated and observed values. (Compare the full and broken line curves of figure 3.) However, on further consideration it appeared that since, on the present view, a lightning flash results from a breakdown originating at a field con centration in a field which is elsewhere fairly uniform, the records obtained of the change of electrostatic field with time should be geometrically very similar, provided that there is sufficient charge available to maintain the discharge. As it has just been seen that the field changes caused by the two strokes in question are both above the average, the latter condition would appear to be satisfied. Comparison of the aforementioned records (Appleton & Chapman 1937, figure 6 (i) and (ii)) showed that such a similarity did not exist between these two records, and that the initial quiescent period in their figure 6 (ii), before the trace leaves the zero line, already of long duration, should be longer still. This at once suggested that the oscillograph had in this case only tripped some time after the lightning flash had actually started, owing to the weakness of the initial pulses. A lower limit to this time lag was obtained from a comparison of the two records by making the assumption that no lag had occurred in figure 6 (i). The required increase in the time base of figure 6 (ii) was thus found to be about 3-4 msec., the total duration of the leader stroke being then 10-8 msec. Using this new time base, complete agreement is obtained between the calculated and observed field changes, as is seen in figure 3 , in which the circles represent the values measured from the oscillogram, while the full fine curve is th at calculated from equation (5) above using the new time base. The theory thus offers a satisfactory explanation of these records, which had remained unaccounted for since they were first obtained by Appleton & Chapman.
The initiation of long electrical discharges

D e t e r m in a t io n o f t h e t h u n d e r c l o u d p o t e n t ia l
It will be seen that on the present theory there is no well-defined potential required for the occurrence of a lightning flash, since the higher the average field the less will be the discontinuity necessary to initiate the 'self-propagating' discharge. Thus upward flashes will be initiated by high buildings in fields which are approximately inversely proportional to the heights of the buildings, and the same will apply to elongations of space charge in the cloud. Indeed, there would appear to be no reason why, in the extreme case, the average field need be much greater than th at required for the maintenance of an arc, i.e. of the order of 10 V/cm. in air at atmospheric pressure, and it will be shown in § 6 that, in the case of flashes to the Empire State Building, the average field between cloud and ground is probably only of the order of 50 V/cm.
The results of the previous section afford a method of determining the potential of the thundercloud charge in individual cases from records of the electrostatic field change during the leader stroke, if at the same time the height of the charge is determined by the method of sounding balloons adopted by Simpson. From each of the former records, together with the known height of the charge, a curve corre sponding to those in figure 2 can be derived, giving the corona constant, in relation to Aj. This k must be a constant characteristic of these long-discharge c the value of which will become apparent when more records are available for study. When the value of k has thus been determined, the curve for each flash will then yield a value for the average gradient below the thundercloud charge for the flash in question. As an illustration, had the heights of the charge in the two cases dealt with in figure 2 been found each to have the average value of 2*5 km., then if we provisionally adopt the value of k found experimentally, viz. about 4 x 10~17, the cloud potentials would have been 6*3 x 107 and 3-0 x 107 V respectively. From the combination of the results of the two investigations suggested above it will likewise be possible to determine the velocity of the leader stroke, and hence the variation of the latter with the initial field strength. The indications of the comparison of the above two records are that velocity decreases with decrease in field strength, and in this connexion it is of interest to note th at the long durations observed by McEachron (1939) in the case of flashes to the Empire State Building may be due to this cause, the flashes having been initiated by the Building in fields which are smaller than those required to cause normal flashes from cloud to earth.
A further interesting deduction from the present theory of the initiation and propagation of a lightning flash is that the protective range of a lightning conductor or tall building will not be constant for all lightning flashes, but will increase with the potential difference between the leader stroke channel as it approaches the earth and the surrounding space. For different leader strokes along any one vertical path, the induced potential of the space immediately surrounding the lightning conductor will reach the value necessary for the initiation of a continuing streamer when the leader stroke is at different heights, so that the earlier this occurs the more chance is there of this streamer diverting the downcoming leader towards the lightning conductor.
Cu r r e n t i n t h e l e a d e r s t r o k e
A further check of the present theory is derived from a consideration of the magnitude of the current in the leader stroke, since this has been measured oscillographically in strokes to the Empire State Building by McEachron (1939) . From equation (1) it follows that the current required to maintain the corona discharge from the channel at time t from the start is given by
which, for the flashes considered, rises to values of the order of 5000 amp. These values appear high, especially in view of the fact that previous estimates of the steady currents during the leader stroke were of the order of 0-1 amp. to several amperes (Meek 1939; Schonland 1938) . However, currents of the order of those now obtained are essential to account for the field changes observed by Appleton & Chapman, whose results are consistent with those of Wilson (1920 ), Wormell (1939 and Laby and others (1940) as regards the magnitudes of the field changes observed, and with those of Schonland and others (1938) as regards the fraction of the total field change which occurs during the leader stroke. The values obtained for the currents in the leader stroke are certainly con siderably higher than those observed oscillographically by McEachron (1939) in upward strokes from the Empire State Building, which last rose only to about 500 amp. This is not surprising, however, since flashes must have occurred from the Building at field strengths which would not ordinarily have caused flashes to occur from the cloud, so that a lower value of the current is to be expected. That this in fact happened is seen from the very high number of flashes, as many as 11 or 19, which struck the Building in one day, numbers very much greater than the number of flashes which would have occurred over an area of normal country equal to that 'protected', in an electrical sense, by the Building. It has been suggested (Meek
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1941) that these oscillograms only indicate the peaks of the current pulses. It is to be noted, however, that the envelopes of the troughs themselves reach about 300 and 500 amp. respectively during the leader stroke in the two of McEachron's oscillo grams to which reference is made by Meek.
The currents observed by McEachron in fact enable the average field required to cause a flash from the Building to be calculated, simply by regarding (7) as an equation to determine X v The average gradient is thus found to be about 55 V/cm., using the same values of the corona constant and height of the cloud charge as in the previous section, so that the total potential required is thus only of the order of 1-5 x 107 V. This conclusion could be checked, by recording the electrostatic fields and field changes during thunderstorms in the vicinity of the Building, either on one of the surrounding buildings, using the method of Appleton & Chapman, or in the space below the thundercloud, by the use of sounding balloons.
This field, together with the height of the Building, yields for the potential difference between the top of the Building and the surrounding space necessary to initiate the discharge in this case a value of the order of 2,000,000 V. So far only flashes in which the Building was the positive electrode have been obtained, so that the above result applies at present for this polarity only, and for a field concentration equal to that caused by the Building.
It will be noted that no account has been taken of the fact that, whereas all the downward leaders so far investigated have been negative, all the upward leaders from the Empire State Building have been positive. Though positive corona currents from wires exceed negative, there are so far no results to indicate whether this applies also in the case of these discharge channels. The fact that positive lightning currents tend to be greater than negative (Bruce & Golde 1941) indicates, as Allibone (1941) pointed out recently, that the same applies in this case, and that the higher positive lightning currents may result from the neutralization during the return stroke of the greater charge deposited around a positive channel by the larger corona currents. As, however, the velocity of positive return strokes has not yet been measured, there remains the possibility that it is higher tnan that of negative strokes, which would equally well explain the higher positive currents. It is to be hoped that photographs of positive flashes will ultimately be obtained by Schonland and his co-workers and settle this point. Meanwhile, it appears quite probable that the difference between the corona currents from positive and negative wires is due to the difficulty of getting free electrons out of the metal conductor in the latter case, a difficulty which will not arise when the conductor is a gas discharge channel, so that it is possible that the pronounced polarity effect will not be found in the latter case.
The general agreement between the theoretical and observed values o f the current in the leader stroke--the former tending to be high if anything-affords further evidence in favour of the low value o f the thundercloud potential, in view of the dependence of the corona currents on the square of the potential. Since the values of the latter hitherto accepted were about 100 times greater than those now deduced, the leader stroke currents would be 10,000 times those actually observed. .
Cu r r e n t f r o m a p o i n t e d c o n d u c t o r
I t is of interest to compare the result obtained in the last section on the initial potential of the space surrounding the top of the Empire State Building at the start of a flash, with results obtained in investigations of the currents from pointed con ductors, since this current should be, on the theory now put forward, that required to yield a brush discharge current sufficient to cause the transition from glow to arc conditions, i.e. a current of about 0-5 or 1 amp. Both Warburg (1899) and Zeleny (1907, 1908, 1941) have found that the current from a point can be represented by an expression of the form
VL being the potential at which the discharge starts, and c a constant. In the present case this becomes simply j _ ^ ^ Since for V = V 0 -2 x 10^ V, 7 should be equal to approximately 1 amp., c case is equal to 2-5 x 10 13, a value agreeing very well with those found by the abovementioned investigators, Warburg's values being J -48 x 10-13 and 4-83 x 10~13, while Zeleny's values lie between 2-6 x lffi~13 and 4-2 x l O'"13. I t would thus appear on ,the present data that both the corona constant and this constant on which the discharge from a point depends, can be extrapolated through a range of about 1000 to 1 in potential.
L e n g t h o f t h e f ir s t l e a d e r s t r o k e d a r t s
It was seen in § 6 th at the potential difference between the top of the Empire State Building and the surrounding space at the start of a lightning flash from the Building is probably about 2,000,000 V, so that the lateral corona current from each centimetre length of the discharge channel, f, is initially about 1-6 x 10~4 amp. For this current to build up to 0*5 or 1 amp. a length of 3000-6000 cm., or 100-200 ft., is required. By the time the discharge reaches the bottom of the cloud, which may be taken as at about 1*25 km. (Simpson & Scrase 1937) , V t will have increased to about 5-6 million volts,* so that the length of the darts will be reduced to about 400-800 cm., or 13-26 ft. We should thus expect the dart lengths observed by McEachron to lie between about 15 and 150 ft. The limits quoted by him are 19 and 60 ft. in quite good agreement with the theoretical values.
The comparison cannot be made precisely in the case of Schonland's observations since data on the initial fields are lacking, but indicates that the latter must be less than 100 V/cm.
R e il l u m in a t io n o f t h e d a r t s
As has already been mentioned, once arc conditions have been initiated in a dis charge channel owing to the increase of the current therein beyond a certain value, * The potential of the channel relative to the surrounding space will build up at the rate of X 1-X a = 55 -10 = 45 V/cm. 240 C. E. R. Bruce they are apparently maintained when the current is reduced down to a value of the order of one-tenth of that required to cause glow to arc transition in the first place. Again, the current which flows at any point in the leader stroke channel is that required to maintain the corona currents from the channel beyond the point in question. It follows from these two considerations that, after transition to arc conditions has occurred throughout the whole of the newly formed length of pilot streamer, the currents flowing in the last tenth of this length will be insufficient to maintain arc conditions therein, and retransition back to glow conductivity will occur. Consequently, when the new step is formed, about one-tenth of the old step will be reilluminated at the same time. It is therefore interesting to note that early in their investigation Schonland and his co-workers (1935) gave the following as the second of nine characteristics of the darts: 'A bright step generally starts a little way back on part of the track formed by the previous step, so that the portion of the step which is entirely new is about 90 % of the w hole. . . ', exactly as the theory leads us to expect.
The long spark
The long laboratory spark will, it is hoped, be dealt with on the present lines in the near future, but several of its outstanding characteristics may be mentioned as being in accord with the theory now advanced. In the first place, the currents in its leader stroke are of the order of 0 The present consideration of the corona currents from the discharge channel suggests, however, that the cause of the slowing down may be the inability of the discharge processes in the thundercloud to supply the charge required to maintain these rapidly increasing currents. Indeed many flashes never reach the earth at all, indicating that the cloud charge may actually be exhausted in supplying these currents.
T h e r e c o m b in a t io n t h e o r y o f t h e s t e p p e d l e a d e r s t r o k e
Certain criticisms of the recombination theory of the stepped nature of the first leader stroke have already been offered ( §2). It is, further, difficult to understand why the conductivity in the channel should decay, when once the latter has been formed, if, as the theory assumes (Meek 1939), a field of the order of th at required for breakdown is available to restart the conduction processes after this assumed decay. I t might perhaps be argued that the charge in the neighbourhood of the channel in the cloud becomes exhausted, but this explanation would fail in the case of the upward leaders from the Empire State Building, in which the steps occur in exactly the same manner as they do in the downward leaders from the cloud.
The theory would also appear to leave the bright ends of the darts unexplained, as well as the reillumination of the last tenth of the preceding dart. There is also the important consideration that in no case has the return stroke been observed to find any difficulty in progressing along the whole leader stroke channel at a very high velocity. I t would be a strange coincidence if no case had been photographed in which the leader stroke met the earth when recombination had progressed far towards the exhaustion of conductivity.
Co n c l u s io n s
{a) The low values of the electric field required to cause a lightning flash, of the order of one or a few hundred volts per centimetre, put forward in an earlier paper, are confirmed.
(6) Corona currents from the discharge channel are shown to account for the currents observed in the leader strokes of lightning flashes from the Empire State Building, and for the records of the electrostatic field changes caused by the leader strokes of flashes to earth.
(c) The glow to arc transition theory of the darts in the first leader stroke of a lightning flash is shown to be in accord with the observed characteristics of the darts, whereas the recombination theory is not considered to be.
(d) Flashes probably occur to the Empire State Building when the average field between cloud and earth is only of the order of 50 V/cm.
(e) The laboratory values of the corona constant and the constant on which the discharge from a point depends would appear to allow of extrapolation through a range of 1000 to 1 in potential.
(/) The potential of the thundercloud charge can be determined from records of the electrostatic field change caused by the leader stroke, together with a measure of the height of the charge, and hence the variation of the leader stroke velocity with the initial potential gradient, and the energy in individual flashes can likewise be determined.
(g) The zone of protection afforded by a lightning conductor may be expected to increase with the current in a lightning flash.
